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Extended Data Fig. 1| Combination of bulk and single nuclei RNA-seq
co-expression analysis. Because it was unclear which type of enzyme would
catalyze this cyclization reaction, we attempted to narrow down the list of
candidates through co-expression analyses rather than using functional
annotation. To achieve the most highly resolved co-expression list, candidate
genes from tissue specific co-expression analysis (Pearson correlation to CilSY
expression >0.8) and cell type specific co-expression analysis (co-expression
module 16) were overlayed. a, In addition to co-expression, only genes with high
absolute expression in bulk RNA-seq (>50 CPM in young leaves from plant 1) and
snRNA-seq (normalized average expression >1in cell cluster 30) were included.
The overlay contained the 13 genes listed with functional annotations based on
sequence homology. ICYCis showninbold. Blue indicates orthologs of known

iridoid pathway genes, green indicates orthologs of known MEP pathway genes.
CYPADH has been previously associated with iridoid biosynthesis but its exact
function could not be determined (Brown et al, 2015). b, Without a cutoff for
absolute expression in bulk RNA-seq, the list of genes common to both datasets
contained 9 additional genes, including orthologs of the C. roseus bHLH iridoid
synthesis (BIS) transcription factors that are known to induce expression of IPAP
specificiridoid pathway genes® . Blue indicates orthologs of C. roseus BIS. CPM,
counts per million;; GES, geraniol synthase; G8H, geraniol 8-hydroxylase; 8HGO,
8-hydroxygeraniol oxidase; ISY, iridoid synthase; ICYC, iridoid cyclase; 10, iridoid
oxidase; 7DLGT, 7-deoxyloganetic acid glucosidase; 7DLH, 7-deoxyloganic acid
hydroxylase.
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Extended Data Fig. 2 | Virus Induced Gene Silencing (VIGS) of ICYCand ISYin

C. roseus. Magnesium Chelatase (MgChel) was co-silenced in all cases to visualize
silenced tissues. In the negative control (in orange) only MgChel was silenced. As
apositive control CrISY was silenced. a- b, qPCR confirming the downregulation
CriICYC (a) or CriSY (b) compared to MgChel negative control. Expression values
are shown as fold-changes relative to expression in MgChel negative control.

Bar graphs depict mean N = 6 biological replicates, error bars are standard
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error of the mean. Black dot symbols depict values for individual replicates.
P-value of unpaired two-tailed ttest with Welch'’s test correction: **P = 0.0061,
***+P < 0.0001. ¢, Secologanin levels in silenced plants compared to control.
LC-MS peak areas normalized to internal standard are shown as individual dots of
eachreplicate, the line depicts the mean of N = 6 biological replicates. P-value of
unpaired two-tailed ttest with Welch’s test correction: **P = 0.0047, ***P = 0.0002.
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Extended Data Fig. 3| ISY and ICYC must be simultaneously present for
nepetalactol formation and may interact. a, Enzyme assays under the
conditions shown in Fig. 2a (main text) but with ICYC, NmMLPL or BSA

added simultaneously for 3 hours or after 1.5 hours reaction with CrISY alone
(sequential incubation). Interestingly, nepetalactol is only formed to higher
amounts in simultaneous incubations. This could indicate that the formed ISY
product 8-oxocitronellyl enol, which is the substrate for the cyclases, is unstable
und must be immediately taken up by the cyclases. Bar graphs depict peak areas
from N =3 replicates of nepetalactol, error bars are standard error of the mean.
b, Split-Luciferase assay with CilCYC and CilSY in N. benthamiana. The C-terminal
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partofluciferase (CLuc) and the N-terminal part of luciferase (NLuc) are always
fused N-terminally or C-terminally, respectively, to the target protein®. Empty
vectors (EV) contained non-fused CLuc or NLuc, respectively, and served

as negative controls. Leaf disks were cut from N = 4 biological replicates of
agroinfiltrated N. benthamiana plants, transferred to awell plate, where luciferin
was added, and imaged using a Nightshade camera (see methods for details).
Images are pictures of the same leaf disks with different indicated exposure
times. The assays indicate that CilICYC interacts with itself and that CilCYC
interacts with CilSY. Note that when NLuc is fused to CilSY interaction is weaker
and only revealed at longer exposure times.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Esterase activity of ICYC. a, Reaction scheme of the assay.

Esterase activity of the proteins was assessed with 4-nitrophenyl acetate as a
substrate. The formation of product is assessed by measuring absorbance of
the 4-nitrophenol (yellow) at 405 nm. b, Esterase activity assays of 0.5 pMICYC
orthologs compared to NmMLPL and the negative control BSA. Esterase activity
greatly varies among ICYC proteins but is detectable for all ICYC orthologs.

¢, Esterase activity assays of 0.5 pM CilCYC wild-type and mutant proteins

(see Fig. 3, main text). Mutations in the catalytic triad led to complete
abolishment of esterase activity (the asterisk indicates that D210A mutant was
poorlysoluble, thus activity could not be assessed reliably). Esterase activity
appeared to be poorly correlated with cyclase activity (Fig. 3, main text).

Each curve was created by curve fitting of absorbance values of N = 3 replicates.
Absorbance was measured every minute on a microplate reader (see methods
for details).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All presented data have been acquired using existing and routinely used software. LC-MS data was collected with Bruker Compass qgtofControl
5.2.109 / Hystar 5.1.5.1 or Compass qgtofControl 6.3 / Hystar 6.0.30.0 software. GC-MS data was collected using Agilent MassHunter Work
Station 10.1.49. Short read RNA-seq and DNA-seq data and single nuclei RNA-seq were sequenced on an Illlumina NovaSeq 6000 PE150
platform. Long read DNA-seq was sequenced on a on an R10.4.1 PromethION flowcell (FLO-PRO114M; Oxford Nanopore Technologies (ONT),
Oxford, UK). Long read cDNA was sequenced on a MIN106 Rev. D flowcell (Oxford Nanopore Technologies (ONT), Oxford, UK). Split Luciferase
data was collected with indiGOTM 1.4 software (Berthold Technologies).
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Data analysis All data analysis was done using routinely used software. For phylogenetic trees sequences were aligned with webPRANK (https://
www.ebi.ac.uk/goldman-srv/webprank/; version updated 8 Oct 2017). Phylogenetic trees were constructed using IQ-Tree 2.3.6 (http://
igtree.cibiv.univie.ac.at/). Protein structural models were predicted using AlphaFold 3 (https://alphafoldserver.com). Docking was done using
AudoDock Vina python version 1.2.5 on the SwissDock webserver (https://www.swissdock.ch). Structures were visualized using ChimeraX 1.8.
LC-MS data was analysed using MZmine 4.5.37. GC-MS data was analyzed using Agilent MassHunter Qualitative Analysis 10.0. Chemical
structures were generated in ChemDraw Professional 23.1.12. Short read RNA-seq data was quality checked with FastQC (Galaxy Version
0.73), quality trimmed with Trimmomatic (Galaxy Version 0.38.1). Oxford Nanopore (ONT) cDNA reads were processed with Pychopper
v2.7.10. ONT genomic reads were assembled using Flye v.2.9.1. For genome annotation genome assembly data was processed and analyzed
using RepeatModeler 2.03, ProtExcuder 1.2, Cutadapt 2.10, HISAT2 2.1.0, minimap2 2.17-r941, Stringtie 2.2.1, BRAKER2 2.1.6, PASA2 2.5.2.
Functional annotation of transcripts was performed using BLASTP 2.12.0 and PfamScan 1.6. RNA-seq expression values were generated in CLC
Genomics Workbench 24.0.1 (Qiagen). Single nuclei transcriptomics data was processed with pipseeker 3.1.3, STARsolo 2.7.10b, Seurat
4.3.0.1. Co-expression analysis was done with Simple Tidy_GeneCoEx. All graphs and heatmaps were prepared with GraphPad Prism 10.4.1 or
10.4.2. Main figures were assembled in Adobe lIllustrator 27.8. Supplementary figures were assembled in PowerPoint 16.89.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All sequencing data associated with this study are available at the National Center for Biotechnology Information (NCBI) Sequence Read Archive BioProject
PRJNA1270996 and PRIJNA1169657 (Supplementary Table 1). Reported gene sequences cloned from plant material were deposited to NCBI Genbank under the
following accession numbers (Supplementary Table 9): CiGES (PV988048), CiG8H (PV988049), Ci8HGO (PV988050), CilSY (PV988051), Ci7DLGT (PV988052), Ci7DLH
(PV988053), CILAMT (PV988054), CiSLS (PV988055), AsGES (PV988056), AsG8H (PV988057), As8HGO (PV988058), AsISY (PV988059), As7DLGT (PV988060), As7DLH
(PV988061), AsSLAS (PV988062), AsICYC (PV988063), CilCYC (PV988064), and CrICYC (PV988065).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable

Reporting on race, ethnicity, or | Not applicable
other socially relevant

groupings

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Prior determination of sample size is not applicable to this study. Nicotiana benthamiana pathway reconstitution experiments were done on
three independent biological replicates which is standard for this type of experiments. In vitro assays were performed as three technical
replicates from the same enzyme purifications which is standard for this type of experiments. Bulk RNA-seq was performed on one replicate
which is sufficient for gene discovery as no statistics were applied. Single-nuclei RNA-seq was performed on two biological replicates (i.e.
individual plants) of Carapichea ipecacuanha which is standard for this type of analysis.

Data exclusions | No data was excluded from the analyses.
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Replication Details about biological replicates are provided in the figure legends. Pathway reconstitution experiments were conducted on three biological
replicates that correspond to three independent individual plants. All attempts of replication were successful. In vitro assays were performed
as three technical replicates from the same enzyme purifications. Replications with different enzyme purifications were successful.

Randomization  The order of all LC-MS samples was randomized prior to the runs. Plants were grown in randomized order. Experiments were successfully
repeated on other days. For other types of experiments of this study randomization is not relevant.

Blinding Blinding was not relevant for this study; characterization of pathway genes and enzymes requires insight into the experimental conditions and
characteristics of the samples.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines IZ |:| Flow cytometry
Palaeontology and archaeology IZ |:| MRI-based neuroimaging
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Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
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|:| Ecosystems
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Plants

Seed stocks Nicotiana benthamiana and Catharanthus roseus seeds were obtained from seed stocks maintained by the greenhouse team at Max
Planck Institute for Chemical Ecology, Jena. Carapichea ipecacuanha and Alangium salviifolium were obtained as plantlets, no seed

stocks were obtained. No other plant species were grown for this study.
Novel plant genotypes No stabie transformation was carried out. Heteroiogous overexpression in N. benthamiana was done transientiy through ieaf

agroinfiltration as described in the methods paragraph "A. tumefaciens mediated transient expression in N. benthamiana". Virus-
induced gene silencing in Catharanthus roseus was also transient as described in the methods paragraph "Virus induced gene
silencing (VIGS) in C. roseus".

Authentication Transient transformation of N. benthamiana through leaf agroinfiltration was done as described in the methods paragraph "A.
tumefaciens mediated transient expression in N. benthamiana". Virus-induced gene silencing in Catharanthus roseus was also
transient as described in the methods paragraph "Virus induced gene silencing (VIGS) in C. roseus". No stable transformation was
carried out.
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